Optimization of angle of inclination of the hybrid photovoltaic-thermal solar collector using particle swarm optimization algorithm J. Renewable Sustainable Energy 6, 053116 (2014) Hybrid power systems, such as combinations of renewable power sources with intermittent power production and non-renewable power sources, theoretically increase the reliability and thus integration of renewable sources in the electrical system. However, a recent increase in the number of hybrid installations has sparked interest in the effects of their connection to the grid, especially in remote areas. This paper analyses a photovoltaic-gas microturbine hybrid system dimensioned to be installed in La Paz (Mexico).The research presented in this paper studies and quantifies the effects on the total electric power produced, varying both the solar radiation and the gas microturbine response time. The gas microturbine and the photovoltaic panels are modelled using Matlab/Simulink software, obtaining a platform where different tests to simulate real conditions have been executed. They consist of diverse ramps of irradiance that replicate solar radiation variations, and different microturbine response times reproduced by the time constants of a first order transfer function that models the microturbine dynamic response. The results obtained show that when radiation varies quickly it does not produce significant differences in the power guarantee or the microturbine gas consumption, to any microturbine response time.
I. INTRODUCTION
The current world dependency on fossil energy resources brings increasing concern about energy supply security and environmental issues. The only sustainable solutions involve renewable energy and the application of energy efficient technologies.
Solar energy is a renewable resource; it is one of the sustainable and abundantly available energies on the Earth's surface. There are a lot of technologies to exploit solar radiation and photovoltaic (PV) is now commercially available at a decreasing price. 1 Solar panels transform solar energy directly into electricity using semiconductors. One of the major advantages of PV technology is its long lifecycle, with low operation and maintenance costs, due to the fact that it has a minimal number of moving parts. Furthermore, this technology is a clean and environmentally-friendly energy source.
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AIP Advances 5, 077110 (2015) of solar resources may cause problems of power quality. 5, 6 To reduce these difficulties, and to guarantee electric supply, a hybrid system can be integrated. Hybrid systems are defined as systems that use more than one energy source to supply a certain load. [7] [8] [9] Adopting hybrid systems to provide electricity for different applications has been widely studied in previous research works. 10, 11 Hybrid systems include two or more energy sources, combining the strengths and weaknesses of each one to supply a stable load. Hybrid systems which include PV panels are widely used to supply different types of loads. The low cost of energy production and the ability to meet energy demand in diverse climatic conditions are the characteristics that distinguish hybrid systems from single resource systems. [12] [13] [14] The design and analysis of PV hybrid systems requires tools that can predict solar resource behaviour under different climatic conditions. The behaviour of PV panels in adverse weather conditions can be characterized using different simulation models. 15, 16 Integrating renewable energy sources with a backup source, such as a gas microturbine (GMT), makes it possible generate electricity with more reliability under different operational conditions. The use of these microturbines is currently attracting much interest in the distributed generation market and can be considered one of the main resources in this field. 17 GMT offers a lot of advantages over the reciprocating engines of other technologies. 18 These advantages include longer life, lighter weight, smaller size, fewer moving parts, faster response, greater efficiency, lower emissions, lower electricity costs, less noise and more flexible ways to utilize waste fuels.
The increase of renewable penetration in new and emergent energy markets with their need for a sustainable and reliable supply; foment the use of hybrid installations based on combinations of renewable and non-renewable generators. However, the electrical companies in charge of managing the electrical systems of these countries consider it necessary to control the characteristics of the power that is injected into the grid. This issue has a special interest in remote areas, in which intermittent condition of renewable energy may cause grid instabilities. Before the construction of a new renewable or hybrid installation, electrical companies normally require the engineering company in charge of the project to supply them with information about the total power characteristics, establishing limits on aspects such as maximum variations and/or power guarantee.
This research paper studies the influence of the variables GMT response time and solar radiation on the performance of a hybrid PV-GMT installation projected for the area of La Paz in Baja California Sur (Mexico). For this purpose, three parameters: power guarantee, gas consumption and maximum total power variation, obtained in different tests, are evaluated. The Matlab/Simulink tool was used to model the system and to simulate the electric power generation under solar radiation and microturbine response time variations.
The variations of the solar radiations were applied to the model in diverse ramps shaped irradiance signals, while different GMT response times were simulated by the time constant of a GMT based on a first-order transfer function.
The novelty of our work is to show the influence of the GMT response time and solar radiation on the power guarantee, power fluctuations and gas consumption of a modelled hybrid PV-GMT installation.
II. STATE OF THE ART
Hybrid systems that combine renewable and non-renewable resources as auxiliary systems have been the focus of a large number of studies.
Several works have analyzed hybrid PV-Diesel systems. Dufo and Bernal 19 optimized power equipment for a PV-Diesel system using the HOGA program (Hybrid optimization by genetic algorithms) and compared it with a stand-alone PV-only system dimensioned using the classic design method. Their results showed the economic advantages of the PV hybrid system. Nafeh a control strategy to minimize running costs. However, in these studies the highly intermittent character of the power supply of PV generators is not taken into account. Recently, GMT has been considered as an auxiliary system in hybrid combinations. Degobert et al. 23 studied the possibility of using photovoltaic systems combined with a high speed microturbine and verified its effectiveness in simulation tests. However, the effects of changing MGT response time with different solar radiation scenarios have not been studied.
The study presented quantifies the effects and influence of solar radiation and GMT response time on the electrical power generation and fuel consumption of a hybrid PV-GMT system.
III. HYBRID SYSTEM DESCRIPTION AND MODELLING
The hybrid system has been dimensioned using available climate 24 and geography data of the municipality of La Paz, in Baja California Sur, Mexico.
The hybrid system will consist of a 1.2 MW photovoltaic installation combined with a 1 MW GMT generator as a support system (Fig. 1) . Electricity produced will be directly exported to the distribution grid. 25, 26 Two mathematical models for PV and GMT generators have been defined and implemented using Matlab/Simulink. Then, all the components are analyzed jointly to evaluate the performance of the hybrid system.
A. Solar system model
Solar information [27] [28] [29] has been used for the plant design in order to determine the number and type of PV panels as well as their direction and inclination to maximize the capture of solar radiation. 30, 31 For technical reasons, the 1.2 MW plant will be divided into 12 sub-installations of 100 kW. Each sub-installation will include 330 polycrystalline solar panels of 305 Wp divided into groups of 22 parallel branches with 15 panels in series. Solar panels are inclined at 26
• and oriented to the south (azimuth angle γ=0). The energy generated by each sub-installation will be adapted to the AC grid using a 100kW power inverter.
The plant is projected to have a total of 3,960 PV panels (330x12) and therefore a total peak power of 1.2078 MWp (3,960x305·10 6 ). To define the Matlab/Simulink model, different equations to obtain electrical power from the solar radiation were used. The input energy of model is the solar radiation. It is estimated on an inclined surface by Equation (1),
where,
), is the value of solar radiation of an inclined surface. β is the inclination angle and γ is the azimuth angle -Gdm (0) (Wm ). -R(β), is the gain factor.
In this specific case, as the PV installation faces south, γ =0. R and β have been calculated using the Liu . To determine the photovoltaic power generation, Equation (2) has been used,
where, -P PV , (W), is the total power produced by the PV plant.
-P ma x , (Wp), is the total peak power of the PV plant.
), is the value of solar radiation of an inclined surface -PR, (%) is the value of the performance ratio of the PV installation.
-G * , is the reference radiation, 1 kWm The "Radiation-Time" and "Solar power-Time" scopes allow us to obtain information about the radiation and the solar power generation in the simulation time (1 hour). The display "kWh solar" allows us to obtain the kWh generated.
B. Gas microturbine model
For this application, a Capstone Microturbine Generator, Model C1000 is used. It is a 1 MW electrical nominal power GMT with about 33% electrical efficiency (at nominal power).
The GMT generator is modelled as a dynamic model taking into account its response time. The GMT model also calculates fuel consumption with the function "MGT Power/Efficiency" using Equation (3):
-G, (W) is the GMT natural gas consumption.
-P GMT , (W) is the GMT electrical power production.
-η PGMT , (%) is the GMT electrical efficiency, which varies with the value of the electrical power production Fig. 3 shows the GMT model designed including: a first order transfer function module and the MGT Power/Efficiency module that calculates gas consumption from the electrical power obtained.
The "MGT power-Time" and "Gas consumption (kW) -Time" scopes allow us to obtain information about the power generated and the gas consumption (kW) in the simulation time (1 hour). The displays "kWh MGT" and "Gas consumption (kWh)" allow us to obtain the kWh generated and the gas consumption (kWh).
IV. TEST METHODOLOGY
For the different tests a complete Matlab/Simulink simulation platform has been defined (Fig. 4) . It consists of the PV and GMT models and the necessary adaptations so that the GMT generates electricity when PV production is less than 1 MW.
The test methodology consists at first of a simulation test of the platform using a base case with predefined radiation signal and GMT model time constant (or response time); followed by a sensitivity analysis varying both radiation and GMT response time.
In all tests the results include the parameters:
-Power guarantee, (%) defined as the percentage of the test time in which the electrical power is over a fixed power value. In this case this value has been set to 0.9 MW. -Maximum total power variation (kW/min), defined as the maximum variation of the total hybrid electrical power versus time. -GMT natural gas consumption during the test (kWh).
A. Base case test definition
The base case is defined by the following data: -Turbine time constant: 10 minutes 34 -Gdm (α, β) signal varies in 15-minute ramps from 0 to 100 % and 100% to 0 (Fig. 5). (maximum value in the project location) -Simulation time: 60 minutes. 
V. RESULTS AND DISCUSSION
In this section results obtained in the base case test and sensitivity analysis tests are presented and discussed.
A. Base case simulation results
For the base case, Fig. 6 shows the power produced by the PV installation (P PV ), the microturbine (P GMT ) and the fluctuating total power (P TOTAL ) obtained.
In this specific case, the generation power was over the power guarantee (0.9 MW) for only 54.23% of the simulation time (1 hour). The GMT consumed 1,158 kWh (of natural gas) and the maximum total power variation obtained was 2.28 kW/min.
B. Sensitivity analysis
Two different sets of 1-hour sensitivity tests were performed, varying first the radiation ramp duration (ramp duration sensitivity analysis), and then the same parameter and the GMT model time Maximum total power variations were sharply reduced as the ramp duration increased. In Fig. 8 , it can be seen that a value of 5.3 kW/min was obtained for a 5-minute time ramp, while it dropped to 1.2 kW/min (around 78% reduction) with a ramp of 30 minutes. Gas consumption slightly increases with ramp duration for ramps of 15 minutes or lower (Fig. 9) . Nevertheless, significant variations were obtained with ramp durations of 20, (minimum consumption), 25 and 30 minutes (maximum consumption). Maximum total power variations (Fig. 11) have the same tendency for each time constant value. Additionally, the variations increase as the GMT model time constants are reduced (or response times are increased). These differences are more appreciable as the ramp duration decreases; eg. for a ramp time of 5 minutes, the maximum variation increases from 4.8 kW/min to 7.4 kW/min (more than 150%) while reducing the time constant from 18 to 2. However, there are no appreciable differences in the maximum total power variation for the time constants for ramps of 25 or 30 min. In the case of natural gas consumption, the results show approximately the same variations for each GMT time constant (Fig. 12) . In addition, gas consumption increases as the time constant of the turbine decreases (or increase GMT response time) for all cases studied. This increment follows an approximately linear law: a 40 kWh consumption increase per 2 minutes of reduction of the ramp.
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VI. CONCLUSIONS
The new hybrid projects in emerging countries have led to increasing concern about the effects of their integration in the main grid, especially in remote areas. This paper studies these effects in a project designed to be installed in La Paz, Baja California Sur (Mexico). It presents and quantifies the variations in the performance of a hybrid power system composed of a GMT and a PV power system.
The different components of the system have been modelled using Matlab/Simulink software. They were successively tested with different solar radiation ramps that represent solar radiation variations, as well as with different time constants of the first order transfer function (GMT model) that represent GMT response time.
The results obtained in different radiation variation scenarios, maintaining a set GMT response time, reveal that for high radiation changes there was little difference in the power guarantee and the GMT gas consumption obtained; while these results varied greatly (obtaining the maximum and the minimum values) for smooth radiation changes. Additionally, it was found that the maximum total power variations reduce sharply as the radiation ramp duration increases.
Furthermore, it has been found that decreasing the GMT response times leads to higher power guarantees, quantifying this effect in most cases as a linear law (power guarantee increases 0.8% per 2 minutes of time constant reduction). Nevertheless, it implies that gas consumption and maximum total power variations also increase. Only in circumstances of a smooth radiation variation is there no appreciable difference in the maximum total power variation obtained for the different GMT response time.
